value in terms of an operational quantity from the indirect calibration, a conversion coefficient is used. Some characteristics of the operational quantities and the designation of the chosen calibration quantities for various types of radiation are given in Table 4 .2. In practice, these coefficients must be averaged over the energy spectrum used in the calibration and this spectrum must be determined separately'. This is less satisfactory than a direct calibration and national standardizing laboratories may be expected to develop appropriate facilities in the future.
Area Survey Instruments for Strongly Penetrating Radiation
The quantity to be measured is the ambient dose equivalent for which instruments should have isotropic responses. This has always been the objective for both photon-and neutron-sensitive instruments and does not require any change in instrument design. Thus, if existing instruments were satisfactory with regard to their isotropic angular response, they will continue to be so.
It should be noted that when the wall surrounding the sensitive element of an instrument is equivalent to the amount of material above the specified depth (e.g., 10 mm) in the ICRU sphere, the ambient dose equivalent may be appreciably underestimated because of lack of the backscattering from the bulk of the sphere.
In the case of photons, the energy response function of a given instrument for ambient dose equivalent is different from that for exposure. For photon energies above 0.2 Me V, the difference is small. Below this energy, scattered photons become increasingly important and give rise to a difference between the energy response function for free-air exposure, which excludes body scatter, and the response function for the ambient dose equivalent, which includes the scatter from the ICRU sphere. The highest quotient of the ambient dose equivalent and exposure is about 1.6 X 10-2 Sv/R, at 80 keV. At low photon energies, attenuation becomes increasingly important and causes the quotient of the ambient dose equivalent and exposure to decrease due to attenuation in 10 mm of tissue- 10-12~~~~~~~~~~~~~~~~UilillL.Ll-'.Wm 10-2 10-1 10° 10 1 10 2 10 3 10 4 10 5 10 6 10 7 10 8 Neutron energy I eV , 1981; Harder, 1970; Lund and Stevenson, 1981) equivalent material in the ICRU sphere. For instance, the quotient of the ambient dose equivalent and exposure is 0.6 X 10-2 Sv/R at 21 keV. The quotient of the two response functions is shown in Figure 4 .3. Many instruments designed to measure exposure exhibit some over-response at energies below 100 keV because of photo-electric absorption in high atomic number components. They also exhibit some wall attenuation at low energies. The response of such instruments, accordingly, often exhibits less energy dependence for measurements of the ambient dose equivalent than for measurement of exposure. It may be concluded that many existing instruments can be used to measure the ambient dose equivalent rate. The conversion to the SI system is effected by a scale change from R h-1 to10 mSv h-1 (approximately).
The energy response function of neutron-sensitive instruments for ambient dose equivalent will often also not be greatly different from that for the old quantity. The response of many neutron survey instruments corresponds to an expanded and aligned field and peak-summed dose equivalent in a slab or cylindrical phantom (Harvey, 1975) . The two energy response functions are different because the phantom shape is different and because the quantity is now defined in terms of the dose equivalent at a depth of 10 mm in the ICRU sphere. The greatest differences occur in the energy region from 100 e V to 1 ke V where, for example, the ratio of ambient dose equivalent to the deep dose equivalent index, H1,d (for parallel beams), reaches a minimum of about 0.65 (Shiue and Chilton, 1983) . As radiation fields dominated by neutrons in this energy region are unusual, such inadequacies in instrument response are rarely significant. a: 
Area Survey Instruments for Weakly Penetrating Radiation
Instruments measuring directional dose equivalent should have nonisotropic response for fluence. The angular response in the forward hemisphere arising from absorption and scattering in 0.07 mm of tissueequivalent material has yet to be determined but will be available in the third report of this series. The response in the "backward" hemisphere should be virtually zero for weakly penetrating radiation.
The introduction of the directional dose equivalent does not change the design requirements of the area survey instruments for weakly penetrating radiation. Neither does it change the difficulty of meeting these requirements (except for (3 rays and low-energy photons), nor the extreme caution required in interpreting readings obtained from such instruments in higher energy photon or mixed radiation fields.
Many existing instruments intended for use with weakly penetrating radiation are designed to measure absorbed dose rate at specified depths within a tissueequivalent absorber. Insofar as an instrument measures these absorbed dose rates and insofar as the depths correspond to the recommended depth of 0.07 mm (or possibly 3 mm), it is appropriate for measurement of the recommended quantities.
Area Monitoring in Mixed Fields of Strongly and Weakly Penetrating Radiations
Additional considerations arise when the radiation field has a wide distribution in energy and/or when photons are mixed with electrons or neutrons.
Radiation fields that span a wide energy range may present the problem of selecting appropriate depths in tissue at which the dose equivalent is to be determined. These depths will depend on the organs of interest with respect to the ICRP limits. When the limit for skin (500 mSv/year) is complied with in terms of the 0.07-mm directional dose equivalent and the ambient dose equivalent remains below 50 mSv per year, then the limit for the lens of the eye (150 mSv/ year) in terms of the 3-mm directional dose equivalent is rarely exceeded. Thus, the 3-mm directional dose equivalent is hardly ever of interest but one may make an additional measurement for H'(3) if there is any doubt as to which dose equivalent is more restrictive.
For mixed fields of photons and neutrons it will be necessary, in general, to make separate measurements of the doses from each component.
Individual Dosimeters for Weakly and Strongly Penetrating Radiation
The quantities recommended in this Report are generally consistent with existing practices of personal monitoring, especially for photon and electron radiations. Many individual dosimeters are, in effect, designed to measure dose equivalent to tissues adjacent to the badge location at selected depths such as 0.07, 3, and 10 mm, and at other depths corresponding to specific tissues.
The design of individual dosimeters for photons has been simplified in recent years by the increasingly widespread adoption of nearly tissue-equivalent thermoluminescent detectors. These detectors can be used to accurately measure dose equivalent as long as the quality factor remains invariant with photon energy. Such a detector placed under an appropriate absorber will constitute a dosimeter having a spectral and angular response close to the ideal. Such systems have been designed for the measurements of H 8 (0.07), Hp(3), and Hp(lO).
Dosimeters based on sensing elements that are not tissue equivalent (e.g., photographic film) can also be used, though in general it is more difficult to ensure that the variation of response with energy and angle of incidence is correct. Such problems are often enhanced for beta rays and low-energy x rays.
Existing individual neutron dosimeters are often loosely designed to have a response which varies with neutron energy in the same way as that of common neutron survey instruments-they measure, therefore, a peak-summed "dose equivalent." Designers have often been uncertain about how the response should vary with energy and angle of incidence. Such uncertainties are now removed by the requirement that such dosimeters should measure Hp(lO). The dosimeter on the body should have an energy dependence for normally incident neutrons, which is close to that required by an instrument which measures H*(lO), since the secondary radiation produced by the body of the wearer is similar to that produced by the ICRU sphere. Information on the required angular dependence is sparse and data vary significantly between authors; it is, therefore, difficult to make formal recommendations at present.
Type Testing and Calibration of Instruments for the New Quantities
A thorough investigation of the instrument's characteristics is performed in a type test, which includes the angular and the energy response as well as dependence on other relevant quantities in order to secure the transferability of the calibration. Details of requirements and procedures for type tests appear in the pertinent standards of the International Electrotechnical Commission and the International Standards Organization (e.g., ISO, 1978) .
To calibrate an instrument is to relate its reading to the correct value of the quantity measured. The quotient N = value of the quantity to be measured instrument reading is called the calibration factor when determined under well-defined calibration conditions. An important requirement is that this calibration factor for the instrument is valid within a stated uncertainty for conditions different from those during calibration. In other words, the calibration must be transferable, with acceptable uncertainty to all radiation environments within which the instrument will be used.
The calibration factor relates the instrument reading to the quantity to be measured and should ultimately be traceable to a national standard. The customary standards of exposure, or the closely related air kerma (for photons), neutron fluence (for neutrons), and absorbed dose to air or tissue (for electrons) will continue to be used by national laboratories, because no primary standards have yet been developed for the quantities ambient and directional dose equivalent. The dose-equivalent quantities are then obtained by using the relevant conversion coefficients from Figures 4.2 and 4.3 . The values presented in Figures 4.2 and 4 .3 are compatible with the formulation proposed following a European Seminar on the implementation of these new quantities (Wagner et al., 1985) , and also with data published in ICRP Publication 51 (ICRP,1987) . The third report of this series will provide further information on the conversion coefficients to be employed in calibration procedures.
For /3 radiations, there is at present no international consensus, and reference should be made to specific national publications (ISO, 1984) (for example, in the Federal Republic of Germany, see Bohm, 1985 , or in the United Kingdom, see BCRU, 1977 , 1986 . Table  4 .2 gives conversion coefficients for electron fluence to ambient and directional dose equivalent.
For calibration, it is common practice to expose the instrument in a standard geometry of broad and approximately parallel radiation beams of selected energies or energy distributions, e.g., the ISO reference radiations (ISO, 1979) . Hence, such calibrations provide a more limited check of the instrument's energy response than a full type test.
Individual Monitors
The individual dose-equivalent quantities are defined with reference to the body of the individual. Hence dosimeters should, in general, be calibrated on a suitable phantom, so that allowance is made for the contribution of radiation scattered by the wearer's body. If for any reason calibrations are performed in free air, corrections should be made for the absence of the body or phantom. For photons, the calibration factor of many individual dosimeters is largely independent of energy. For neutrons, the calibration factor of currently available individual dosimeters is strongly dependent on the neutron energy spectrum at the location of the dosimeter, and this, in turn, is influenced by the exact size and shape of the body (human or phantom) to which the dosimeter is attached. As a result, there may be a substantial uncertainty in the calibration factor.
An individual dosimeter cannot be placed at the position within the body of the exposed person for whom the dose equivalent is to be determined. The determination of this dose equivalent at depth below the surface, from the response of a monitor worn at a location on the body surface, may require specifications of a calibration phantom and the spectral and angular distribution of the incident radiation field. A further uncertainty may arise from the difference between the calibration phantom and the individual's body. A phantom, considered adequate in routine radiation protection, for monitoring exposures to the trunk, is the ICRU sphere. In calibration, the individual monitor should be placed at the sphere's surface. The difference between the reading of this monitor, if properly designed and calibrated, and the corresponding individual dose equivalents, will generally be marginal. Consequently, the product of monitor reading and calibration factor obtained using the ICRU sphere will usually differ only marginally from the values of both the individual dose equivalents, Hp and H 8 • This product may be called the "individual dose equivalent for recording."
Routinely, individual monitoring for photons and neutrons is performed with separate detectors. In these circumstances, it may be important to avoid duplicating the measurement of the dose equivalent due to photons produced by neutron interactions in the body. Most photon detectors will detect this secondary photon radiation which is often part of the dose equivalent registered by the neutron dosimeter.
In such situations, it may be advisable to base the design of the neutron dosimeter on conversion coefficients that do not contain the dose-equivalent fraction contributed by these secondary photons.
Morijtors for Exposur~s ofthe_Extremities
Extremity dose equivalents may be overestimated if they are measured with monitors designed and calibrated to indicate the ambient, directional or individual depth-dose equivalents defined in the ICRU sphere which usually provides more scattering materi-4.2 Type Testing and Calibration of Instruments for New Quantities • • . 11 al. The degree of overestimation is not well known, as calculations of dose equivalents in extremities are not available and would depend on circumstances.
A better approach which can be applied for photon radiation is to use detectors that give readings proportional to tissue kerma, that have a directionally inde-pendent response for this quantity and are located under an appropriate tissue-equivalent absorber.
For beta radiation, a dosimeter designed and calibrated for use on the body will be appropriate for use on extremities since the extremities are likely to provide maximum back-scattering for electrons.
